Introduction
Hemocyanins and related copper proteins are ancient molecules. They probably arose about 1.6 billion years ago (BYA) when the earth's atmosphere changed from a reducing to an oxidizing environment.
Prior to that time, most of the earth's available copper (Cu) was precipitated in insoluble sulfides, CuS and Cu,S (Ochiai 1983) , and was therefore virtually inaccessible to living organisms. When oxygen-producing photosynthesis began to increase about 2 BYA, significant amounts of Cu were oxidized to Cu2+. In this form, it was readily dissolved in aquatic systems, distributed in the biosphere and therefore became available to living organisms.
Hemocyanin is the oxygen transport protein of many arthropods and molluscs. It occurs freely dissolved in the hemolymph.
Although similar in function to molluscan hemocyanins, arthropodan hemocyanin is radically different in molecular architecture. Molluscan hemocyanin subunits are multidomain polypeptides of about kDa, containing 7-8 functional units, each of which contains two Cu-binding sites and combines reversibly with oxygen. The subunits form cylindrical macromolecules of 3,500-4,500 kDa and higher multiples depending on the species. Arthropodan hemocyanin is composed of heterogeneous subunits with molecular weights of about 75 kDa. These subunits selfassemble into 450~kDa hexamers or multiples thereof. Each subunit contains two Cu-binding sites, CuA and CUB, that together reversibly bind one molecule of oxygen
The evolutionary relationship between the hemocyanins has long been the topic of speculation:
are arthropodan and molluscan hemocyanins homologous gene products or the result of convergent evolution? They are very different in sequence as well as in subunit structure and composition (van Holde and Miller 1995) , but there is good evidence for a common origin of at least part of their active site (Drexel et al. 1987) . On the basis of sequence comparisons, other potential members of a putative hemocyanin gene family have recently been identified. These include tyrosinases (Lerch et al. 1986 ), prophenoloxidases (Aspan et al. 1995) , and insect storage proteins or hexamerins (Munn and Greville 1969; Telfer and Massey 1987) . The latter do not bind Cu. Other Cu proteins like the plastocyanins, Cu-dependent cytochrome c oxidase, ceruloplasmin, azurins, laccase, ascorbate oxidase, or Cu-dependent superoxide dismutase show no structural or sequence similarity with the hemocyanin family (Markl and Decker 1992) . In this paper we present the complete cDNA and protein sequence of a developmentally regulated hemocyanin subunit from a brachyuran crustacean, the Dungeness crab Cancer magister. In brachyurans, hemocyanin occurs in the hemolymph predominantly as a two-hexamer molecule. Although subunit sequences of chelicerate hemocyanins and hexameric crustacean hemocyanins have been reported (Linzen et al. 1985; Beintema et al. 1994) , subunit sequences of multihexameric crustacean hemocyanins have been unavailable up to now. This protein, Cmag6, is the first Cu-based respiratory protein described whose expression appears to be developmentally regulated. In adult C. magister, onehexamer Hc is composed of subunits 1, 2, 4, 5, and 6, while the two-hexamer Hc contains subunits 1, 2, 3, 4, 5 and 6. The megalopa and early juvenile crab Hcs lack subunit 6 until about the sixth juvenile instar (Terwilliger and Terwilliger 1982) . This is the same time at which Cmag6 mRNA is first detectable in hepatopancress tissue (Durstewitz and Terwilliger 1997) . The appearance of subunit Cmag6 correlates with a change in oxygen-binding properties; under the same experimental conditions, the oxygen affinity of adult purified two-hexamer Hc is about 50% higher than that of juvenile twohexamer Hc lacking Cmag6 (Terwilliger and Brown 1993) . Once expression of subunit Cmag6 is initiated, it persists for the rest of the crab's life.
In this study, we also aligned 18 potentially homologous proteins with Cmag6 for investigation of potential conserved structural features and for parsimony analysis. The combination of both structural and sequence comparisons is used to shed light on the evolutionary relationships among hemocyanin-type proteins.
Materials and Methods

Isolation of Total RNA from Cancer magister Hepatopancreas
Fresh tissue samples (100 mg) from adult male C. magister hepatopancreas tissue were rinsed with C. magister hemolymph buffer (50 mM Tris-HCl, 454 mM NaCl, 11.5 mM KCl, 13.5 mM CaC12, 18 mM MgC12, 23.5 mM Na2S04, pH 7.6; Terwilliger and Brown 1993) , frozen in liquid nitrogen, and ground to a fine powder with mortar and pestle. Total RNA was isolated with the guanidinium isothiocyanate method using a RAPID Total RNA Isolation Kit (5 Prime + 3 Prime, Inc.). Total RNA yield was quantified by measuring absorbance at 260 nm.
Reverse Transcription and Polymerase Chain Reaction (PCR) Amplification of Hemocyanin Coding Sequences
In an eppendorf tube, 1 l.~l total RNA (1 pg/bl) was diluted with 10.65 pl autoclaved water, and 0.75 ~1 oligo dT-primer (0.27 pg/pl) was added. The mixture was incubated for 3 min at 65°C and then was allowed to cool down to room temperature. Next were added (in this order): 4 pl 5 X reverse transcription buffer (250 mM Ti-is-HCl, pH 8.5; 200 mM KCl; 30 mM MgC12), 1 ~1 20 mM dithiothreiotol (DTT), 1 l.~l 25 mM dNTPs, 1 ~1 RNAsin (10 U/p,l), and 0.6 I_L~ AMV reverse transcriptase (17 II/@). The reaction was incubated at 42°C for 90 min and then diluted to a total volume of 500 l~11. A lo-p1 aliquot of this reverse transcription reaction was added to 18.5 pl water, 5 pl 10 X PCR-buffer (670 mM Tris-HCl), 4 ~12.5 mM dNTPs, 5 ~1 10 X bovine serum albumin (1 Fg/pl), 1 ~1 of each primer (0.2 p&l), 0.5 ~1 Taq polymerase (5 U/pi), and 5 ~1 40 mM MgC12. PCR was carried out using the following protocol: (denature: 94°C for 40 s; anneal: 55°C for 40 s; polymerize: 72°C for 1 min) * 35 cycles, then 5 min at 72°C and hold at 4°C. Ten-microliter aliquots of each reaction were analyzed on 1.2% agarose Tris-acetate/EDTA (TAE) minigels.
Cloning and Sequencing of PCR-Amplified
Cmag6 cDNA Unless indicated otherwise, the following procedures were performed in accordance with Sambrook, Fritsch, and Maniatis (1989) . PCR products (40 pl total) were separated by size through electrophoresis on 1.2% agarose TAE maxigels. Bands of interest were excised under UV-light and purified in a glassmilk procedure (GENECLEAN II kit, Bio 101, Inc.) . Ends were repaired with Klenow polymerase and 5' ends were phosphorylated with T4 polynucleotide kinase. A Bluescript II SK+ vector (Stratagene) was cut with restriction endonuclease Sma I and dephosphorylated using calf intestinal phosphatase (CIP). In a total volume of 20 ~1, the inserts were blunt-end-ligated into 50 ng vector DNA in a molar ratio insert/vector of 3: 1, using 1 Weiss unit T4 DNA ligase. Ligation occurred overnight at 16°C. Competent Escherichia coli XL-l Blue cells were transformed with 50 ng ligated DNA and plated out on LB-Amp plates. Positive clones were selected and DNA was isolated in alkaline lysis minipreps. When desired, inserts were excised and analyzed using restriction enzymes EcoRV and Xba I. cDNA inserts were sequenced manually by standard walking, using the dideoxy method with a SEQUENASE 2.0 kit (U.S. Biochemical) and radioactive 35S-labeled nucleotides (NEN-Du Pont). T3 and T7 were used as initial sequencing primers. To provide generous overlap between the sequenced parts, further primers were designed as 17mers based on stretches of cDNA sequence located approximately at the -50 bp position relative to the end of the known region.
Screening a cDNA Library of Cancer magister Hepatopancreas Tissue and Sequencing of CmagX A cDNA library of adult C. magister hepatopancress tissue was created as described before (Terwilliger and Durstewitz 1996) and screened with a 32P randomprime-labeled 783-bp C. magister hemocyanin-specific probe (Durstewitz and Terwilliger 1997) . Positive clones were analyzed for insert size and partially sequenced to identify them as hemocyanin coding sequences. An l,SOO-bp insert (CmagX) was sequenced by creating overlapping nested deletions: the clone containing the CmagX cDNA fragment was digested with DNase I in the presence of Mn2+ (Lin, Lei, and Wilcox 1985; Terwilliger and Durstewitz 1996) . The resulting population of plasmids contained overlapping nested deletions and was sequenced with the dideoxy method.
Results
The complete cDNA sequence coding for C. magister hemocyanin subunit 6 (Cmag6) was amplified in two overlapping fragments by PCR. The template was first-strand cDNA derived from hepatopancreas total RNA. The four primers used to amplify hemocyanin coding sequences were (1) a degenerate primer based on the unique N-terminal amino acid sequence of C. magister hemocyanin subunit 6 (5' TCT-GCA-GGC-GGA-GCG-TIC-GAC-GCG-CA 3', "5' sub 6 primer"), (2) an antisense primer based on the 3' PCR product (5' CAC-TGC-CTG-GGG-ATC-GAA-GCC-CTC-ATG 3') "CuA II primer"), (3) a degenerate primer based on a conserved sequence within the copper A site (CuA) of arthropodan hemocyanin (5 ' GAA-C'IT-TIT-TIT-TGG-GTT-CAT-CAT-CAA-CTT-AC 3') "CuA I primer"; Bak and Beintema 1987) , and (4) a universal oligo-dT primer (see Terwilliger and Durstewitz 1996, fig. 2 ). Using the primer combinations 1 and 2 in one PCR reaction plus 3 and 4 in another, the experiments generated two overlapping cDNA fragments. Each fragment was blunt-end-cloned into a Bluescript II SK+ vector and sequenced. One fragment coded for the 5' end, the other one for the 3' end of hemocyanin subunit 6. The iden- --------+---------+---------f------------~---_-_---~-------- 
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Primer 3 + * The subunit is composed of 650 amino acid residues. The six histidines marked by an asterisk in figure 1 have been implicated in Cu binding and are highly conserved among other arthropodan hemocyanin subunits (Linzen et al. 1985; Beintema et al. 1994) . The molecular weight of subunit 6, calculated from the amino acid residues, was determined to be 74,903 Da, as opposed to an estimate of 67,300 Da, based on its mobility on SDS-PAGE gels, by Larson et al. (1981) . The subunit is acidic (isoelectric point [PI] = 5.02), and a glycosylation site (Asn-Thr-Ser) occurs at residue 600. The sequence of another putative hemocyanin subunit, CmagX, was obtained from a C. magister hepatopancreas cDNA library. We call it a "putative hemocyanin subunit" for three reasons: (1) it was obtained through a cDNA library screen with a C. magister hemocyanin-specific probe, (2) it shows an extremely high degree of sequence similarity with Cmag6 (85% sequence identity), and (3) all of its potential Cu ligands are conserved.
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might even code for a crustacean storage protein or prophenoloxidase, or whether it reflects an error in reverse transcription or second-strand cDNA synthesis. Aligned with Cmag6, its 484-amino-acid open reading frame shows a 191-residue deletion between Cmag6 residues 4 10 and 601. This extensive deletion extends from the C-terminal part of domain 2, beyond the second Cubinding site (CUB), well into domain 3. However, all putative Cu-binding histidine residues are preserved. In addition to that, it shows a typical signal peptide of 21 hydrophobic residues at the N-terminal end, indicating that the gene product is targeted for secretion. This CmagX sequence and the as yet unpublished sequence of Penaeus vannamei hemocyanin subunit 1 (GenBank accession number X82502) are the first examples of hemocyanins with leader sequences (fig. 2) . The hemocyanin e gene in the spider Eurypelma contains no sequence coding for a signal peptide (Voll and Voit 1990) ; whether other arthropodan hemocyanin subunits (including Cmag6) contain a signal peptide is not known.
A protein sequence alignment of C. magister hemocyanin subunit Cmag6 as well as CmagX with other members of the hemocyanin family is shown in figure 2. Alignment was done manually. It was our goal to include in our analysis representatives of all major groups thought to be within the hemocyanin family of proteins. Among these, the 02-transporting hemocyanins of arthropods and molluscs are respiratory proteins. Tyrosinases and prophenoloxidases (Lerch et al. 1986 ), both binuclear copper proteins, are enzymes involved in dopa and melanin biosynthesis, catalyzing the hydroxylation of monophenols and the oxidation of diphenols. Recent studies (Aspan et al. 1995) assign prophenoloxidases a key role in the arthropodan immune system. Another group of proteins, the hexamerins, is found in insect hemolymph. One of several functions assigned to . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ................................................................................................. 
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subunit e, GB number X16650; Anda = Androctonus austrulis hemocyanin subunit 6, SP number P80476; BombA = Bombyx mori storage protein 2, GB numbers M24370, 504829; MsexA = Munduca sextu arylphorin subunit alpha, GB numbers M28396, 505092, 505093; TniM = Trichoplusiu ni basic juvenile hormone sensitive hemolymph protein 1, GB number LO3280; BombM = Bombyx mori sex-specific storage protein 1, GB numbers X12978, 503722; PapPO = Pucifastucus leniusculus prophenoloxidase, GB number X83494; DrpPO = Drosophila melunoguster prophenoloxidase, GB number D45835; Octoe = Octopus dojeini hemocyanin domain e, GB number M57288; Hpomd = Helix pomutiu hemocyanin domain d, SP number P1203 1; NeuTy = Neurosporu crussu tyrosinase, GB numbers M3327 1, 505052; HumTy = Human tyrosinase, GB number M743 14.
these hexamerins is that of storage proteins during insect metamorphosis (Telfer and Kunkel 1991) . Hexamerins include the arylphorins, proteins rich in aromatic amino acids, and the methionine-rich storage proteins. Although structurally similar to arthropodan hemocyanins (Markl and Winter 1989) , hexamerins contain no copper.
Indices of structural features of the arthropodan proteins aligned in figure 2 were predicted by the PEP-TIDESTRUCTURE program (GCG Sequence analysis software package, Devereux, Haeberli, and Smithies 1984, data not shown). As could be expected for a globular protein occurring freely dissolved in the hemolymph, Cmag6 shows no extensive hydrophilic or hydrophobic domains. Indices for all three structural features, hydrophilicity, surface probability based on amino acid side-chain solvent accessibilities, and regional backbone flexibility are strikingly similar among all crustacean hemocyanins as well as among the other arthropodan subgroups. These subgroups include chelicerate hemocyanins (Euryd, Eurye, Anda6, and LimII), methionine-rich storage proteins (BombM and TniM), arylphorins (BombA and MsexA), and prophenoloxidases (PapPO and DrpPO). Some motifs appear to be conserved in all arthropodan hemocyanin-type proteins. None of the three indicators suggests any structural homology between the arthropodan proteins mentioned above on the one hand and the molluscan hemocyanins and tyrosinases on the other. The high degree of sequence similarity among arthropodan hemocyanins (30%-70% sequence identity) suggests a common tertiary structure. X-ray crystallography of hemocyanin from Panulirus and Limulus (Volbeda and Ho1 1989b; Hazes et al. 1993) has shown that arthropodan hemocyanins consist of three domains. Domain 1 (residues 1-174 in C. magister subunit 6) is quite variable and mainly o-helical in structure. Domain 2 (residues 175-399 in C. magister) contains the oxygen-binding CuA and CUB sites and is the most conserved part of the protein. CuA and CUB each consist of an antiparallel helix pair containing three Cu-binding histidine residues. In C. magister subunit 6, the CuA helix pair extends from residue 186 to residue 200 (helix 2.1) and from residue 215 to residue 239 (helix 2.2). The Cubinding histidines are located at positions 192 and 196 (helix 2.1) as well as 224 (helix 2.2). The CUB helix pair extends from residue 341 to residue 353 (helix 2.5) and from residue 378 to residue 396 (helix 2.6). Its Cu-binding histidines are located at positions 343 and 347 (helix 2.5) as well as 383 (helix 2.6). Domain 3 is rich in P-sheets and forms a P-barrel structure (Hazes and Ho1 1992) . Phylogenetic analysis using parsimony was performed with the PAUP program (Swofford 1991) . Sequence comparison ( fig. 2 ) revealed varying degrees of sequence similarity among taxa. Amino acid sequence identity between Cmag6 and CmagX was 85%. Among any two crustacean hemocyanins it was approximately 60%, with chemical similarity of over 80%. Sequence identity among chelicerate hemocyanins ranged from 53% to 65%; among molluscan hemocyanins it was 42%. The single most-parsimonious phylogenetic tree consistent with the data set (total size = 5,045 substitutions) is shown in figure 3 . It was obtained through a heuristic search algorithm treating gaps as missing data. Various search options (simple and random addition, branch and tree swapping) gave the same result. The resulting tree represents a molecular phylogeny of hemocyanin-class proteins, not a phylogeny of the involved species.
Sequence alignment of the functionally important CuA and CUB sites ( fig. 4 ) illustrates several points: (1) The histidine ligands are conserved in those proteins that bind Cu, i.e., the arthropodan and molluscan hemocyanins, the tyrosinases, and the prophenoloxidases. In the non-Cu-binding insect hexamerins these residues are not conserved, although the overall sequence similarity of the hexamerins to crustacean hemocyanins is high. (2) The CUB site is the only region that exhibits significant homologies in all taxa surveyed, including the molluscan hemocyanins and tyrosinases. This suggests a common origin for at least part of the molecule. (3) The CuA site is either of the arthropodan or the molluscan type. Sequence homology between these types is marginal at best. All arthropod proteins in this study form a monophyletic group relative to molluscan hemocyanins and tyrosinases. 
Discussion
This relationship is supported by 18s r-RNA (Turbeville The phylum Arthropoda is composed of three maet al. 1991; Garey et al. 1996) and mitochondrial 12s jor taxa: The Chelicerata, the Insecta, and the Crustacea.
rRNA sequence comparisons (Ballard et al. 1992) . Three Traditionally, the latter two have been considered to be minor taxa, the Myriapoda, the Onychophora, and the more closely related and were grouped together as ManTardigrada, are placed at the base of the arthropod lindibulata (Remane, Starch, and Welsch 1980, p. 227) .
eage by these studies, a placement that also is supported Volbeda and Ho1 1989~; van Holde and Miller 1995; Durstewitz 1996) .
by their greater morphological similarity to the annelids. However, this phylogeny is by no means certain, and the problem is compounded by the question of whether the arthropods form a monophyletic group at all or arose from annelid-like ancestors in several independent lineages.
The most parsimonious phylogenetic tree of the 19 taxa aligned in figure 2 indicates four monophyletic groups within the arthropods: the crustacean hemocyanins, the insect hexamerins, the chelicerate hemocyanins, and the prophenoloxidases ( fig. 3 ). These arthropodan proteins are clearly monophyletic with respect to the molluscan hemocyanins and tyrosinases. These conclusions are supported by very robust nodes in the phylogenetic tree as indicated by bootstrap values well over 80%. They are also in agreement with the comparison of predicted structural parameters (data not shown) that suggests a significant degree of structural conservation among the arthropod proteins, but not between the arthropodan and the molluscan groups. However, parsimony analysis fails to resolve the relative arrangement of crustacean and chelicerate hemocyanins, hexamerins, and prophenoloxidases within the arthropod lineage, as indicated by low bootstrap values (58% and 63%) for the two major arthropodan branches in figure 3. These data suggest that (1) the common ancestor of all arthropodan hemocyanins, hexamerins, and prophenoloxidases was a Cu-binding arthropodan hemocyanin-type protein and (2) the insect hexamerins lost their Cu-binding capabilities after the insects diverged from the crustaceans, presumably due to the development of the tracheal system that made respiratory proteins obsolete. Aspan et al. (1995) recently discovered certain sequence similarities between arthropodan prophenoloxidases and arthropodan hemocyanins.
The prophenoloxidases represent nonhemocyanin proteins that bind copper and occur in both insects (DrpPO) and crustaceans (PapPO). Although identical in function to tyrosinases (NeuTy and HumTy), their sequences show only a slight resemblance to them. Instead, prophenoloxidases appear to be most closely related to the hexamer-type family of arthropodan proteins and feature a typical arthropodan CuA site. Tyrosinases from most nonarthropod phyla of the animal kingdom as well as from plants, fungi, and procaryotes contain a CuA site of the mollusc type (van Holde and Miller 1995) . It is therefore reasonable to assume that after the arthropods and molluscs diverged, an ancestral arthropod-type binuclear Cu protein evolved into four classes of proteins: crustacean hemocyanins, chelicerate hemocyanins, arthropodan prophenoloxidases, and-through loss of Cu-insect hexamerins. Prophenoloxidases, with two functional copper sites, are structurally more similar to arthropodan hemocyanins than are the hexamerins. Detection of prophenoloxidase in the tracheal cuticle of insects (which are thought not to have respiratory proteins) has suggested the fascinating possibility of a respiratory function for prophenoloxidases in that taxon (Kawabata et al. 1995) . The length of the branches leading to both the insect and crustacean prophenoloxidases illustrates the long independent evolutionary history of these proteins and suggests that they diverged from the other lineages early in arthropodan evolution.
The multitude of different subunit types found in crustacean and chelicerate hemocyanins is probably the result of gene duplications that occurred independently after these taxa diverged (Neuteboom et al. 1990 ). This split occurred about 600 MYA, during the early Cambrian, after the arthropods and molluscs diverged.
The absence of a true outgroup (hemocyanin occurs only in arthropods and molluscs) makes speculation about the relationship of arthropodan and molluscan hemocyanins difficult. The CUB sites are homologous and not the result of convergence (van Holde and Miller 1995) . This means that all arthropodan hemocyanins, hexamerins, and prophenoloxidases share a common ancestor with the molluscan hemocyanins and tyrosinases. The tyrosinases in particular appear to be phylogenetitally very old, because they are found in animals, plants, fungi, and even procaryotes, and the degree of sequence similarity between human and procaryotic (Streptomyces) tyrosinase, for example, is remarkable. Since there apparently are no procaryotic hemocyanins, it seems reasonable to assume that molluscan hemocyanins arose from tyrosinase-like ancestors. A speculative model of hemocyanin evolution is given in figure 5 . Our analysis supports the view that both arthropodan and molluscan hemocyanins arose from a common ancestral Cu protein (Durstewitz 1996) . Whether this ancestor was mono-or binuclear cannot be decided from our data. van Holde and Miller (1995) assume a common origin for the arthropodan and molluscan CUB sites and consider the arthropodan CuA site a result of gene duplication and fusion in that lineage. This notion is supported by the fact that in arthropods, the CuA site is very similar in sequence and structure (HXXXH for the first two Cu ligands) to the CUB site (Volbeda and Ho1 1989a) , while in molluscs it is not. The ancestral arthropodan hemocyanin would, then, be a binuclear Cu-binding protein, corresponding roughly to domain 2 of today's arthropodan hemocyanin. Domains 1 and 3 would have been added later, following an evolutionary trend to provide sites for allosteric regulation and multisubunit cooperativity. In this scenario, the CuA site of molluscan hemocyanins and tyrosinases is of separate origin from the CuA site of arthropods, and the molluscan hemocyanins are the fusion product of this uniquely molluscan CuA peptide and a CUB site shared with the arthropods. The weak tyrosinase activity of molluscan hemocyanins (Nakahara, Suzuki, and Kino 1983; Salvato et al. 1983; Ma&l and Decker 1992) is further evidence for a common origin of tyrosinases and molluscan hemocyanins.
The huge multidomain hemocyanins of modern-day molluscs would have arisen from this monomeric binuclear Cu-protein through a series of gene duplication and fusion events. A recent report of residual o-diphenol oxidase activity in crustacean hemocyanins, particularly in the dissociated subunit, under nonphysiological conditions (Zlateva et al. 1996) will provide new opportunities to explore the evolutionary relationships between the molluscan hemocyanins and nonarthropodan tyrosinases on the one hand and the arthropodan hemocyanins and prophenoloxidases (tyrosinases) on the other hand.
Two approaches were used in this study to investigate hemocyanin evolution. The results of both parsimony analysis of a protein sequence alignment and comparison of conserved structural features are consistent with a monophyletic origin of arthropodan and molluscan hemocyanins.
Homology between the two, however, is limited to a small portion of the molecule, and both classes of proteins, the cylindrical molluscan hemocyanins and the arthropodan hexamer-type proteins, diverged during the early stages of life on this planet (and have evolved quite differently ever since). Prophenoloxidases and hexamerins are proteins homologous to arthropodan hemocyanin that have left oxygen binding to hemocyanin and taken on a variety of other functions within the animal.
